A phage isolated from lysates of phage CP-54 grown on Bacillus cereus 569 and selected on the basis of its ability to infect Bacillus thuringiensis var. berliner 1715 (serotype I) was designated CP-54Ber. Phages CP-54Ber and CP-54 were similar in size, morphology, cryosensitivity and stabilization by dimethyl sulphoxide. They showed significant differences with regard to inactivation by specific antiserum, adsorption to the berliner strains and host range. Phage CP-54Ber was able to mediate generalized transduction in the host strain berliner 1715 with frequencies ranging between 1 x Cotransduction of markers was demonstrated. Cross-transduction occurred between strains belonging to serotype I whereas it was more difficult to observe when lysates were prepared on strains from other serotypes.
INTRODUCTION
The parasporal crystal of Bacillus thuringiensis, whose toxicity for various insects (Angus & Norris, 1968; Lecadet, 1970; Bulla et al., 1975) now extends to mosquitoes (de Barjac, 1978a, b) , has led to much interest in this organism. A variety of strains exist which fall into 14 serotypes (de Barjac, 1978b) . They differ in a number of characteristics including the structure, mode of formation and toxic properties of their crystalline inclusion. In our previous studies on the subunit structure , the biosynthesis (Lecadet & Dedonder, 1971) of the protein as well as the morphogenetic aspects linked to sporulation (Ribier & Lecadet, 1973) , we have focused our interest on the berliner 1715 strain which produces large cubic crystals. Studies involving other strains, principally the _tolworthi strain (Somerville, 1971 ; Herbert & Gould, 1973) and the kurstaki strain (Bulla et al., 1977) , have also been reported.
The parasporal crystal represents a large part of the proteins synthesized during sporulation and is coded for by a 'stable' messenger RNA in the berliner strain (Glatron & Rapoport, 1972) . Furthermore, Klier et al. (1978) have shown that the messenger RNA coding for crystal protein may be preferentially transcribed by one of the two RNA polymerases extracted during the stationary phase. At present, nothing is known about the genetic determinants involved in the crystal formation.
The lack of a suitable means of genetic exchange has been a general difficulty, Thorne (1 978) described generalized transduction mediated by phages CP-5 1 or CP-54 of Bacillus cereus in several strains of B. thuringiensis (alesti, thompsoni, finitimus) and demonstrated the possibility of mapping in the alesti strain. Simultaneously, we were looking for a system which would be efficient in the berliner 171 5 strain. Difficulties have been encountered Table 4 ). The wild-type prototraphic strain used was a berliner 1715 serotype I, resistant to streptomycin (200 pg ml-l). Mutants derived from it, as described below, are listed in Table 1 . Bacillus cereus strain NRRL 569 was used as indicator in phage assays. Phage CP-54 was a generous gift from Dr C . Thorne. Media and cultural conditions. HCO medium contained (g 1-l) : casein hydrolysate, vitamin-free (Sigma), 7.0; KH2P04, 6.8; MgSO,. 7H20, 0.12; MnS04.4H20, 0.0022; ZnSO4.7H,O, 0.014; Fe2(SO4),, 0-02; CaC12.4H20, 0.18; glucose, 3-0; the pH was adjusted to 7.2. BP medium contained Bactopeptone (Difco) (7-0 g 1-3 instead of casein hydrolysate. These two media were routinely used for growth and sporulation as previously reported (Ribier & Lecadet, 1973) . In MA18 medium, casein hydrolysate was replaced by a mixture of the following L-amino acids (each at 200 pg ml-l): alanine, arginine, aspartic acid, cysteine, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, tyrosine, threonine, tryptophan, serine and valine. This medium supported growth and sporulation as well as HCO medium and, with appropriate modifications, allowed the selection of auxotrophic mutants.
NBY and PA media were as described by Thorne (1968) . NBYS medium was NBY medium supplemented with salts as follows (g 1-l): KCl, 0.4; MgSOl.7H20, 0.12; MnS0, .4H20, 0.001; FeSO,, 0.00014; CaCl,, 0.075. Solid medium containing 15 g agar 1-1 was overlaid with soft agar (5 g 1-l). For plating bacteria the selective media were supplemented with 18 g agar 1-l.
Isolation of auxotrophic mutants. Vegetative cells (3 ml) in the mid-exponential phase of growth in HCO medium were incubated with ethyl methanesulphonate (EMS, 2 %, VJV, final concentration) at 35 "C for 70 min without shaking (Lepesant et al., 1972) . EMS was then removed by centrifuging and resuspending the bacteria twice in BP medium. The bacteria were finally incubated overnight at 30 "C in 100 ml of the same medium and then plated on MA18 medium. A replica procedure using this medium with or without appropriate supplements was applied for selection of auxotrophic mutants. When N-methyl-N'-nitro-Nnitrosoguanidine (100 pg ml-l) was used as mutagen, the treatment was carried out in Tris/maleate buffer as described by Szulmajster et aZ. (1970) . Isolation of phage CP-54Ber. Phage CP-54Ber was obtained after repeated subculturing of phage CP-54 in liquid cultures of the bediner strain, a procedure which might be expected to allow the selection of a mutant with the desired properties. A 25 ml berliner culture (A650 1.0) in NBY medium was infected at a multiplicity of infection (m.0.i.) of 2 using CP-54 lysate (propagated on B. cereus) and incubated at 30 "C until completion of sporulation. The infected cells grew and sporulated normally. After heating at 65 "C for 30 min, spores were collected by centrifugation, resuspended in fresh NBY medium and incubated at 30 "C for 7 h. A portion of the culture was then centrifuged and the supernatant was used for phage assay. After two subcultures several plaques were observed in the soft agar layer with the berliner strain as indicator. One of the turbid plaques was removed for study .
Phage assay and phage propagation. In both cases mature spores were used as indicator. BP medium (2 x 100 ml) was inoculated with lo6 spores and incubated at 30 "C for at least 48 h until liberation of spores was complete. The culture was centrifuged and the spores were suspended in 30 ml water and stored at 4 "C for 3 to 4 d. The spores were then centrifuged again, resuspended in 30 ml water and heated at 65 "C for 30min (Thorne, 1968) . Phage CP-54 was assayed with B. cereus spores and phage CP-54Ber with B. thuringiensis and B. cereus spores using PA medium and the agar layer technique: 0.1 ml of the appropriate dilution was added to 3 ml of soft agar containing lo8 spores and plates were incubated overnight at 35 "C. Phage CP-54Ber gave rather clear plaques in B. cereus layers, but turbid plaques in B. thuringiensis layers.
Phage CP-54Ber was routinely propagated in soft agar using freshly prepared plates of NBY medium inoculated with spores. The infection was accomplished with 0.1 ml of a suitable dilution of a primary lysate resulting from a culture of infected spores as reported by Thorne (1968) . After incubation at 35 "C, phage from each plate were harvested in 3 ml NBY broth. The resulting lysate was filtered through a Millipore membrane (0.8pm pore size) or, in some cases, filtration was replaced by the addition of a few drops of chloroform. Lysates to be used for transductions were prepared in this way. For treatment of phage with U.V. light, a Petri dish containing 6 ml phage suspension was placed 40 cm below a germicidal lamp and exposed for 60 to 70 s (0.18 J m-2 s-l) to obtain more than 90 % inactivation of plaque-forming units (p.f.u.).
Purification of phages and preparation of phage antiserum. To obtain specific antisera against CP-54Ber, crude phage lysates (2.5 ml at 3 x 1O1O to 5 x lOlo p.f.u. ml-l) were pursed by layering on the top of a discontinuous gradient of CsCI. Gradients were prepared, in allopolymer tubes (Sorval, capacity 13 ml), by * Only the auxotrophic markers selected after mutagenesis are given. All other requirements common to various strains of B. thuringiensis are not included (for example, valine and leucine for which the wild-type berliner strain has a partial requirement).
adding successively: 2.5 ml CsCl p = 1.7; 2.0 ml CsCl p = 1.5; 2.5 ml CsCl p = 1.3; 2.5 ml 36 % sucrose (w/v) p = 1.12. The preparations were centrifuged in a SW-41 rotor (10 "C) at 60000 g for 4 h. The band containing virulent phage was collected after perforation of the tube. The resulting preparation, after dilution to obtain a final titre of 3 x 1O1O p.f.u. ml-l, was dialysed for 2 h against 100 vol. 0.5 M-NaCI plus 10 mMMgS04, followed by 0.15 M-NaCl plus 10 mM-MgSO,. This preparation was used for immunizing rabbits by intravenous injection (0.5 ml) as described by Thorne (1962) . Test for phage inactivation by antisera. The rate of inactivation of phages CP-54 and CP-54Ber by an antiserum against CP-54Ber was determined using the procedure of Adams (1959) . Phage solutions (final t itre 5 x 107 p.f.u. ml-l) were incubated with dilutions of antiserum at 35 "C; samples were taken at intervals and diluted for assay in order to determine the number of surviving particles as a function of time.
Test for adsorption of phages. The rate of phage adsorption to bacteria was determined by measuring the unadsorbed phage after different times, according to Adams (1959) . Exponentially growing cells [5 x lo7 colony-forming units (c.f.u.) ml-l] were infected at an m.0.i. 2 0.2 and incubated at 35 "C. Samples (0.1 ml) were taken at intervals, diluted in cold NBY broth, centrifuged for 3 min at 3000g and the supernatants were directly assayed for p.f.u.
Transdi~tion experiments. Recipient cells for transduction were grown at 30 "C in NBYS medium (10 ml) inoculated with bacteria from individual clones. After 5 to 6 h, when the culture had reached an Asso value of about 3-5, the bacteria were centrifuged and resuspended in broth to a final titre of 4 x lo8 c.f.u. ml-l.
Transduction was done by mixing 0.8 ml of culture and 0.1 to 0.2 ml of the phage suspension (propagated on the appropriate donor strain) to give an m.0.i. 22. After incubation at 35 "C for 30 min in 18 mm tubes with mild shaking, samples of the mixture (0.1 ml) were plated on the appropriate medium at least in triplicate. Recombinants isolated from base-or vitamin-requiring mutants were selected on HCO medium, whereas for amino acid-requiring mutants the synthetic MA18 medium was found to be the most suitable; all other minimal media tested including Min3 (used by Thorne, 1978) and MinlO did not give satisfactory yields of transductants. Controls for spontaneous reversion and for sterility of the lysates were run simultaneously. Plates were incubated at 30 "C for 36 to 48 h before scoring for transductants.
Extraction of phage DNA. DNA was extracted from purified phage suspensions. An equal volume of neutralized phenol saturated with 0.1 M-Tris buffer (pH 9.0) was added to the phage suspension (1 x lo1' to 2 x 10l1 p.f.u. ml-l) and gently mixed for 20 min. After centrifugation for 10 min at 4000 g the aqueous phase was again extracted with phenol and the process was repeated twice. The aqueous phases were exhaustively dialysed overnight against 200 vol. 50 m -T r i s buffer (pH 8.0) containing 10 m -E D T A and then for 2 h each against three successive changes of the same buffer.
Electron microscopy. Negative staining was done with 1 % (w/v) sodium phosphotungstate (pH 7.2). The grids were allowed to dry in air and preparations were observed using a Philips 300 electron microscope. 
RESULTS
Characterization of phage CP-54Ber Thorne (1978) reported that a number of Bacillus thuringiensis strains were susceptible to phage CP-54 and useful as potential hosts for phage propagation. However, we found that two strains belonging to serotype I, especially the berliner 1715 strain, were unable to act either as a convenient host or as an indicator in phage assay. As a consequence, when a berliner culture in the early-exponential phase of growth was infected with phage CP-54 at a multiplicity ranging from 0.1 to 5.0, growth and sporulation proceeded normally, leading to the completion of viable spores which could germinate under the appropriate conditions. From the supernatant of such a culture phage particles were isolated which gave turbid plaques on the berliner strain as an indicator. The new phage was designated CP-54Ber.
Whereas CP-54 particles failed to adsorb to the berliner cells, more than 70 % of the CP-54Ber phage had disappeared from the medium after 40 min incubation (Fig. 1) . The kinetic data indicate a rather slow adsorption to the cells; a similar observation was reported by Thorne (1978) concerning the adsorption of CP-54 to Bacillus cereus. Electron microscopy of negatively stained bacteria after different periods of infection confirmed these results.
Phage CP-54Ber was thus able to infect berliner cells and to propagate in this strain in a soft agar layer as well as in liquid medium. It produced lysates containing 5 x lo9 to 3 x 1O1O p.f.u. ml-l. The phage remained able to infect B. cereus cells under the same conditions.
The two phages differed in their inhibition by specific antibodies. A given dilution of antiserum against phage CP-54Ber inactivated the homologous phage more rapidly than phage CP-54 (Fig. 2) . Values for the inactivation constant K were 210 for CP-54Ber and 120 for CP-54. The results indicate that the phages are antigenically dissimilar. Similarities in morphology were observed between the two phages. Electron microscopy revealed that CP-54 and CP-54Ber both had a complex structure which included an icosahedral head with an hexagonal outline, and a tail composed of a core surrounded by a contractile sheath connected to a plate at the tip end. The plate appeared fibreless, but showed peripheral knobs (Fig. 3) . The length of the phage was 320 to 325 nm and the length of the head reached 120 nm. These characteristics are similar to those reported by Yelton & Thorne (1970) for phage CP-51, although the latter is smaller (the length of the head is less'jhan 90 nm). Examination by electron microscopy indicated that the DNA of CP-54Ber was exclusively in the linear form; from the contour length of the molecules the molecular weight was estimated to be between 7 x lo7 and 7.5 x 10'. This value is consistent with that deduced from electrophoretic migration in agarose gel (mol. wt 7 x lo7).
Lysates of both phages were extremely labile at low temperatures, as previously reported for CP-54 (Thorne & Holt, 1974) . Storage at 4 "C caused more than 70 % inactivation after 7 d while inactivation only reached 30 % at 15 "C and 45 % at 20 "C during this time. In addition, we confirmed that dimethyl sulphoxide (10 %) considerably enhances the stability of the phage, reducing inactivation below 10 % after storage at 15 "C for 10 d. MgSOp (20 mM) also had a stabilizing effect.
Evidence for transduction by CP-54Ber Lysates of CP-54Ber propagated on the wild-type berliner 1715 strain in NBY soft agar and kept at 15 "C as described above were able to transduce auxotrophic mutants of this strain to prototrophy. Optimum conditions for obtaining recombinants were determined using the uracil-requiring mutant 18a as recipient strain. Ura+ recombinants were selected with a relatively high frequency (reaching 1 x and the number of recombinants was increased by a factor of 2 to 3 when the lysates were u.v.-irradiated. Treatments which inactivated the phage (heating at 65 "C or specific inhibition by antiserum) prevented the recovery of transductants. As an added control, a self-cross was made using phage grown on the ura-l mutant; no Ura+ colonies were detected. Repeated experiments indicated that U.V. treatment of freshly prepared lysates (less than 2 weeks old) containing dimethyl Transduction frequency* 3.5 x 10-6 9.5 x 10-6 7.6 x lop6 6.7 x lo-" 3.1 x 3.5 x 10-6 3.3 x 10-6 3 x 10-6 7.5 x 10-6 3.7 x 10-6 1.2 x 10-6 1.ox 10-6 1.1 x 10-5 1-25 x 10-5 1-2 x 10-5 5 x 10-7 7 x 10-7 2~ 10-7 * (No. of transductants ml-l)/(no. of bacteria ml-l). Procedures for growth of recipient cells, phage propagation on the donor strains and transduction are given in Methods. In experiments using cells bearing a single marker transductants were first selected on the medium supplemented with the amino acid required by the donor. In a second step double recombinants were screened by a replica procedure after picking individual transductants. In experiments using double auxotrophs, double recombinants were scored among transductants selected for each recipient marker. suitable conditions before and during transduction, compared with NBY or Luria broths.
Transduction as a function of the age of the culture was examined. Cells in the lateexponential phase of growth or cells about to reach the stationary phase (AG5,, from 3.5 to 4.5) were the best recipients for selection of Ura+ recombinants. The same was true for most of the mutants tested. The time allowed for transduction was routinely 30 min at 35 "C; however, increasing the incubation time with phage to 45min increased the number of recombinants obtained.
Generalized transduction with CP-54Ber Several auxotrophic mutants of the berliner strain were successfully transduced to prototrophy by CP-54Ber grown on the homologous strain (Table 2) . With the ura-l mutant (18a) as recipient, infection at an m.0.i. > 2 was required for efficient transduction.
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209 Generally, an m.0.i. between 3 and 4 gave the best results, although in some other cases, for example with biotin-or histidine-requiring mutants, an m.0.i. of 2 was preferable.
and 2 x lo-'. Plating the transduction mixture with antiserum slightly improved the recovery of some transductants (for example, Arg+ transductants) but in most instances, antiserum decreased the number of recombinants obtained.
Cotransduction of linked markers Tests for cotransduction were done by using singly marked recipients and transducing phage grown on cells bearing another mutation. Two linkage groups were found (Table 3) . One showed linkage of his-1 or his-2 to trp-1 and the other showed linkage of arg-l to met-1 or met-2. No linkage was detected between trp-1 and cys-1, between trp-l and ura-1, between met-1 and cys-1 or between cys-1 and ura-1. Double auxotrophs were obtained and use of these confirmed the cotransduction frequencies between characters of the two linkage groups reported above. The arg-1 mutant was able to grow on arginine, ornithine or citrulline and may correspond to argO mutants in B. subtilis. The met-1 and met-2 mutants have a strict requirement for methionine and may be analogous to mete or metD in B. subtilis. Three double mutants, HT-26, HT-27 and HT-22, originating from his-I were tested for cotransduction with trp-l ; only HT-22 gave a positive result, although even in this case recovery of transductants was very limited. His-1 may correspond to hisB in B. subtilis, because those double mutants tested grew on medium supplemented with histidinol. The cys-1 mutant had a strict requirement for cysteine and thus could correspond to cysA or cysB, but not to cysC, in B. subtilis.
The results demonstrate that linkage groups can be determined. Some of the linkage groups suggested by these results are in good agreement with those reported by Thorne (1978) for the alesti strain of B. thuringiensis.
Transduction frequencies ranged between 1.2 x
Host range of CP-54Ber and cross-transduction among strains The host range of phage CP-54Ber was investigated by plating various dilutions of a lysate propagated on the berliner 1715 strain with different strains of B. thuringiensis as indicators under the conditions of phage assay. Most of the strains examined (Table 4) , including B. cereus 569, were susceptible to CP-54Ber. Some, namely sotto, dendrolimus and subtoxicus, did not give a clear response (rare and very small plaques were sometimes seen which may have been a slight lytic effect when a high titre of phage was used for infection).
These strains (except dendrolimus) were more susceptible to the parental CP-54 phage, but this phage did not give a clear lytic response with strains of serotypes I and I1 (Jinitimus) under the conditions used here. Differences between the two phages were thus shown with regard to host range. The strains susceptible to CP-54Ber could be used for phage propagation. Lysates with titres ranging from 6 x lo9 to 8 x 1O1O were obtained, indicating differences in the nature of the response from one strain to another.
Cross-transduction between strains was tested. Lysates from the two berliner strains were able to transduce the character Ura+ to mutant 18a with the same frequency, whereas phages propagated on the other serotypes (as well as on B. cereus) were much less efficient (10-fold lower). The same was true with the trp-1 mutant as recipient. With the cys-1 or arg-l mutants, a significant number of recombinants were recovered when phage grown on the tolworthi strain was used as donor.
DISCUSSION
The phage CP-54Ber originated from phage CP-54 and was selected on the basis of its ability to adsorb to and to propagate on the berliner 1715 strain (serotype I). It shows a broader host range than the parental phage with respect to B. thuringiensis strains belonging to various serotypes. The two phages show some serological differences, but apparently show the same characteristics with respect to size and morphology. Features of the phage are its large size (120 nm for the head) and the high molecular weight of its DNA ( 3 7 x lo7). The molecular weight of the DNA of the similar but smaller phage CP-51 was found to be 5.7 x 107 (Yelton & Thorne, 1971) . The length of the molecules and the possibility of breaking DNA would suggest that this is a minimum estimate. CP-54Ber acted as a generalized transducing phage for the berliner strain. In most cases the numbers of recombinants were significantly higher than those reported by Thorne (1978) using phages CP-54 or CP-51 and strains from other serotypes (alesti orfinitimus). The results indicate that phage CP-54Ber is a convenient tool for undertaking linkage studies in strains belonging to serotype I and possibly in other varieties of B. thuringiensis, in spite of the difficulties encountered in selecting and recovering transductants in some cases. Two groups of linked markers were demonstrated; one of them (met-1 -arg-I) was found by Thorne (1978) using the alesti strain (serotype 111). However, unlike Thorne (1978) we failed to show a group including trp-I -cys-l ; our mutant M-lac (cys-I) did not correspond to the phenotypes of cys-l and cys-2 mutants described by this author. Our linkage studies also point to possible analogies with the B. subtilis genome.
Phage CP-54Ber was able to transduce various markers equally well between strains belonging to serotype I. All other attempts using strains from other serotypes were unsuccessful or gave very low efficiencies. Lack of homology between strains would presumably contribute towards difficulties encountered with cross-transduction. Noticeable differences in phenotypes can be seen between strains from various serotypes which have in common the presence of a parasporal crystal (with various sizes and shapes) and pathogenicity for insects. The classification of serotypes established (de Barjac & Bonnefoi, 1968 ) on the basis of the H antigen and biochemical properties reflects such differences. Further information gained about the genome in various serotypes would provide a basis for determining Transduction in B. thuringiensis var. berliner 21 1 the extent of homology between strains and would help establish the taxonomic criteria, Another possible explanation for incompatibility among strains might be the effect of antagonistic ' bacteriocin-like factors ' the existence of which was previously reported (de Barjac & Lajudie, 1974) . We have no precise data to support such an hypothesis, but further studies will have to take this aspect into consideration.
However, our main interest concerns mapping experiments in the berliner strains with a view to finding the determinants of crystal formation. Aleshkin et al. (1979) have recently described generalized transduction in B. thuringiensis var. galleriae, and it seems clear that knowledge of the genome of B. thuringiensis will progress rapidly.
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